Krutky MA, Ravichandran VJ, Trumbower RD, Perreault EJ. Interactions between limb and environmental mechanics influence stretch reflex sensitivity in the human arm. J Neurophysiol 103: 429 -440, 2010. First published November 11, 2009 doi:10.1152/jn.00679.2009. Stretch reflexes contribute to arm impedance and longer-latency stretch reflexes exhibit increased sensitivity during interactions with compliant or unstable environments. This increased sensitivity is consistent with a regulation of arm impedance to compensate for decreased stability of the environment, but the specificity of this modulation has yet to be investigated. Many tasks, such as tool use, compromise arm stability along specific directions, and stretch reflexes tuned to those directions could present an efficient mechanism for regulating arm impedance in a taskappropriate manner. To be effective, such tuning should adapt not only to the mechanical properties of the environment but to those properties in relation to the arm, which also has directionally specific mechanical properties. The purpose of this study was to investigate the specificity of stretch reflex modulation during interactions with mechanical environments that challenge arm stability. The tested environments were unstable, having the characteristics of a negative stiffness spring. These were either aligned or orthogonal to the direction of maximal endpoint stiffness for each subject. Our results demonstrate preferential increases in reflexes, elicited within 50 -100 ms of perturbation onset, to perturbations applied specifically along the direction of the destabilizing environments. This increase occurred only when the magnitude of the environmental instability exceeded endpoint stiffness along the same direction. These results are consistent with task-specific reflex modulation tuned to the mechanical properties of the environment relative to those of the human arm. They demonstrate a highly adaptable, involuntary mechanism that may be used to modulate limb impedance along specific directions.
I N T R O D U C T I O N
The human arm is routinely used to perform postural tasks, such as pushing against a tool, that compromise limb stability (Rancourt and Hogan 2001) . To complete these tasks, the neuromotor system must adapt the mechanical properties of the arm so that the coupled mechanics of the arm and the environment to which it is attached remain stable. When posture is constrained, this adaptation must occur through changes in muscle activity, mediated by some combination of feedforward and feedback pathways. Feedforward motor commands can be refined through learning (Shadmehr and Mussa-Ivaldi 1994) , and it has been suggested that changes in feedforward planning contribute to the task-appropriate regulation of arm mechanics during movements through unstable environments (Burdet et al. 2001; Franklin et al. 2003) . Specifically, it has been demonstrated that changes in feedforward activation can preferentially modulate the mechanical properties of the arm along the direction needed to compensate for the environmental instabilities. When compensating for unstable loads, these changes in feedforward activation correspond to the specific patterns or cocontraction needed to stabilize the arm. Presently, it is unclear if the same capacity for directional specificity exists in the reflex pathways providing feedback control, although this has long been a topic of interest and debate (Franklin et al. 2007; Hogan 1985; Lacquaniti et al. 1993) .
Strong evidence suggests that stretch reflexes contribute to the regulation of limb mechanics and stability. They contribute to the stiffness of individual muscles (Nichols and Houk 1976) and joints (Kearney et al. 1997; Sinkjaer et al. 1988; Zhang and Rymer 1997) . They also can coordinate the actions of muscles acting on different degrees of freedom within the same joint or spanning multiple joints, possibly countering mechanical interactions between these degrees of freedom (Gielen et al. 1988; Kurtzer et al. 2008 Kurtzer et al. , 2009 Lacquaniti and Soechting 1986; Smeets and Erkelens 1991) . Furthermore, reflex sensitivity is not fixed. Longer-latency stretch reflexes, which appear to be mediated at least in part by the cortex (Matthews 1991) , increase to compensate for single joint perturbations during interactions with compliant or unstable environments (Akazawa et al. 1983; Dietz et al. 1994; Doemges and Rack 1992b) . We recently reported similar modulation throughout the arm in response to multijoint perturbations (Perreault et al. 2008) . However, the mechanical properties of the environment used in that multijoint study were not found to alter the patterns of reflex coordination across muscles. Instead global increases in reflex sensitivity were found throughout the arm when subjects interacted with compliant environments. It is important to note that the mechanical environments tested in that previous study were isotropic and stable. Hence the observed lack of changes in reflex coordination may have resulted from the fact that the tested environments did not sufficiently compromise arm stability. Exerting large forces against the environment can compromise arm stability along specific directions (McIntyre et al. 1996) . Franklin et al. (2003) demonstrated that stiffness contributions from biarticular muscles increase to compensate for such instabilities. However, the relative contributions of reflex pathways could not be estimated directly in that study because measures of muscle activity were not made.
To understand how the mechanical properties of the environment compromise arm stability, it is necessary to quantify the mechanical properties of the arm as well as those of the environment. This can be done through estimates of endpoint stiffness (Hogan 1985; Mussa-Ivaldi et al. 1985) , which characterizes the static properties of the limb as seen at the point of contact with the environment. The stiffness of a multijoint system is directional, having an orientation along which the limb is most resistant to perturbations of posture. If stretch reflexes contribute to the mechanical properties of the arm and also compensate for changes in the mechanical properties of the environment, the specificity of their modulation may best be observed when considering the coupled mechanics of the arm and environment.
The goal of this study was to investigate the specificity of stretch reflex modulation in the human arm. This was achieved by quantifying how interactions with destabilizing haptic environments influenced reflex modulation. Importantly, the magnitude and orientation of the tested haptic environments were selected according to the endpoint stiffness estimated for each subject. We hypothesized that longer-latency stretch reflexes throughout the arm would be preferentially modulated to compensate for the mechanical properties of the environment relative to those of the arm. Such specificity would provide the first evidence that reflex responses throughout the arm can be coordinated to compensate for directionally specific environmental instabilities such as those that arise with tool use.
M E T H O D S

Subjects
Ten right-handed subjects, 26 -41 yr (8 males and 2 females), participated in this study. None had a history of neurological impairment or orthopedic limitations in the upper limbs. Subjects gave written informed consent and were free to withdraw at any time. All protocols were approved by the Northwestern University Institutional Review Board (IRB 1322-001). All 10 subjects participated in a preliminary experiment to measure limb impedance and in the primary reflex experiment. Five of these subjects also participated in two subsequent control experiments.
Equipment
Details of the equipment have been provided previously (Perreault et al. 2008; Trumbower et al. 2009 ). In summary, subjects interacted with a 3 degree of freedom (df) robotic manipulator (HapticMaster; FCS Control Systems; Fig. 1 ) during all experiments. The robot uses an admittance control algorithm, allowing it to simulate a range of haptic environments (Van der Linde et al. 2002) . It was programmed as a stiff (50 kN/m) position servo to stochastically perturb the limb during the preliminary experiments for estimating endpoint impedance. In all reflex experiments, the robot was used both to simulate the unstable haptic environments and to transiently perturb arm posture as was needed to assess stretch reflex sensitivity. It was able to switch between the destabilizing haptic environments and the stiff position servo mode needed to perturb the arm in Ͻ1 ms (Perreault et al. 2008) . The robot was instrumented to measure endpoint displacements and forces, both of which were recorded at 1.25 kHz.
Subjects were rigidly attached to the robot using a custom-fitted fiberglass cast. The cast extended ϳ1/3 of the distance from the wrist to the elbow, fixing the wrist in a slightly pronated position. The cast was mounted to a low-mass custom gimbal attached to the end of the manipulator, allowing the application of pure endpoint forces and no moments to the arm. The gimbal was instrumented with potentiometers that were used to provide subjects with visual feedback of arm posture so that a fixed posture could be maintained throughout each trial. The gimbal's center was positioned along the axis of the forearm, under the third metacarpophalangeal joint, which we defined as the endpoint of the limb for these experiments. Subjects were seated during these experiments and harnessed at the shoulders and waist to an immobile chair.
During the impedance estimation experiments, endpoint displacement was redundantly measured with an optical motion analysis system (Optotrak 3020; Northern Digital, Waterloo, Ontario, Canada) with a resolution of 0.1 mm. The optical tracking data were used to correct for small errors in the endpoint displacement measures obtained from the robot due to compliance between the robot's end effector and its displacement sensors. The Optotrak tracks the motion of infrared light-emitting diodes (LEDs), which were mounted on a rigid body attached to a wrist cast and used to monitor endpoint location. All optical data were collected at 250 Hz.
During all reflex experiments, surface electromyograms (EMGs) were used to record muscle activity. These were used to monitor voluntary muscle activity before each perturbation and the involuntary muscle activity elicited by the perturbations. Eight of the dominant muscles crossing the elbow and shoulder were monitored. These were the anterior deltoid (AD), medial deltoid (MD), posterior deltoid (PD), clavicular head of pectoralis major (PECT CLAV ), biceps brachii (BI), long head of triceps brachii (TRI LONG ), lateral head of the tricpes brachii (TRI LAT ), and brachioradialis (BRD). Conventional skinpreparation techniques were performed before applying disposable dual electrodes (Noraxon USA) to the skin. EMG signals were amplified with a Bortec AMT-16 EMG measurement system (Bortec Biomedical, Calgary, Alberta, Canada) that has high-and low-pass cut-off frequencies of 10 and 1,000 Hz, respectively. All EMG signals were anti-alias filtered using custom fifth-order, low-pass Bessel filters with a cutoff frequency of 500 Hz. These data were then sampled at 1.25 kHz by a 32-channel, 18-bit data-acquisition system (NI 6289; National Instruments, Austin, TX). A common clock was used to synchronize data from the robotic, motion analysis, and EMG systems. All of these signals were resampled at 1 kHz before further processing.
Protocols
All experiments were performed on the right arm, which was maintained at a fixed posture. This posture corresponded to the shoulder in ϳ70°of abduction and ϳ45°of horizontal flexion; the elbow was flexed at ϳ90°, positioning the hand directly in front of the glenohumeral joint. ESTIMATING ENDPOINT STIFFNESS. The purpose of the preliminary experiment was to estimate endpoint impedance for each subject. For this purpose, the robot was configured as a stiff position servo and used to apply three-dimensional (3D), stochastic perturbations to the endpoint of the arm. The perturbations ( Fig. 2A) were similar to those we have used previously (Perreault et al. 2001 (Perreault et al. , 2004 Trumbower et al. 2009 ) having a SD of 3.0 mm and frequency spectrum that was flat Յ5 Hz, beyond which it decayed at a rate of 40 dB/decade.
The subjects' task was to maintain a fixed arm posture while exerting a constant endpoint force but not reacting to the perturbation. The endpoint force targets were Ϯ10 N along each of the measurement axes shown in Fig. 1 . These magnitudes were chosen to match those used in the subsequent reflex experiments. It should be noted that the muscle activation required to reach these force targets was in addition to that required to support the arm against gravity. Real-time visual feedback of endpoint force and posture was provided using a computer display (Trumbower et al. 2009 ). During each trial, subjects first supported the arm's weight against gravity for 5 s (Fig. 2, A and B, a), after which a visual cue corresponding to the target force was presented. Once the target force was reached and held steady (within Ϯ1 N) for 0.7 s, the robot applied a stochastic perturbation that lasted for 35 s (Fig. 2, A and B, b) . Only the final 30 s of each trial were analyzed to avoid the small nonstationary corrective movements occasionally observed immediately following perturbation onset. Four trials were conducted for each of the six target force directions.
The recorded force and displacement data were used to estimate the 3D endpoint stiffness, the static component of endpoint impedance, as described in the following text. Endpoint stiffness is directional. These directional characteristics can be observed when stiffness is displayed graphically using an ellipsoid (Mussa-Ivaldi et al. 1985) (Fig. 2C ). This directionality was used to create subject-specific haptic environments for each of the following experiments.
ASSESSMENT OF REFLEX MODULATION. At the beginning of each reflex experiment, a series of maximum voluntary contractions (MVCs) were performed. These data were used to normalize EMGs recorded from each muscle. Standard muscle testing procedures were used to isolate the activity of each target muscle during the MVCs (Delagi et al. 1980 ); a separate isometric contraction was performed for each muscle. Each contraction lasted for ϳ2 s and two repetitions were performed.
During each experiment, subjects interacted with two destabilizing haptic environments, each primarily simulating a negative-stiffness spring, acting along a line in 3D space. As subjects moved the position of their hand away from the neutral position of the haptic spring, the robot pushed the hand further with a force proportional to the distance between the hand and the neutral point; the proportionality constant was the magnitude of the simulated negative stiffness. All movements were constrained to the direction of the haptic instability by virtual walls with a simulated stiffness of 50 kN/m. These haptic instabilities were oriented relative to the endpoint stiffness measured for each subject in the preliminary experiment. The instability of the first environment (Fig. 3A) was aligned along the direction of maximal endpoint stiffness. The second environment was aligned along an orthogonal direction in which the arm was substantially less stiff. This chosen direction ( Fig. 3B ) was along the second principle axis of endpoint stiffness. Subjects interacted with each environment for half of the experiment in sequential order. The order of exposure to both environments was randomized across subjects. Finally, the haptic environment had a gravity-compensated, simulated mass of 5.0 kg and was slightly under damped in all directions; virtual stops were located at a distance of Ϯ100 mm from the neutral position to ensure the safety of subjects.
The subjects' task was to maintain a constant endpoint force and fixed arm posture. This ensured that during interactions with both environments posture, endpoint position, and endpoint force were matched. Target forces were 0, and 5, and 10 N away from the body (along the primary axis of stiffness) and to the right (along the secondary axis). The target force magnitudes were chosen to be well below a level likely to result in fatigue (Rohmert 1960) . Finally, recording reflexes at a range of voluntary endpoint forces allowed us to match background EMG within each muscle across the different haptic environments. During all reflex assessments, subjects were instructed to not react to the imposed perturbation. These explicit instructions were used because it has been well documented that stretch reflexes are sensitive to changes in the instructions given to subjects (Crago et al. 1976; Hammond 1956) .
After moving to the target position and force ( Fig. 3C , a), then holding this position and force for a uniformly distributed random period of time between 0.5 and 1.5 s (Fig. 3C, b) , a single ramphold perturbation was applied to the arm (Fig. 3C, c) . Following each perturbation, the hand was returned to the neutral position so that all perturbations were applied from this point. Each perturbation had a velocity of 400 mm/s and duration of 100 ms, sufficient to elicit the long-latency component of the stretch reflex (Lewis et al. 2005) . All perturbations applied in the same direction were identical during interactions with both environments (Perreault et al. 2008 ). Approximately 10 perturbations were repeated for each perturbation direction and target force level. The presentation order of the target forces and perturbation directions was randomized.
During experiment 1, subjects interacted with two destabilizing haptic environments of equal strength. This strength, K ENV , was initially set to have a magnitude greater than the maximum magnitude of arm stiffness along the secondary axis of stiffness but less than the maximum magnitude of stiffness along the primary axis (Table 1 , 1st column), as estimated in the preliminary experiment. Next, K ENV was adjusted to the largest value at which the subject could perform the postural maintenance task while interacting with the environment orthogonal to maximal stiffness. For only one subject (3), it was necessary to decrease K ENV below the maximum magnitude of the second axis of stiffness. Perturbations were applied in three orthogonal directions, along the coordinate axes shown in Fig. 1 , and were similar to those we have used previously (Perreault et al. 2008) . This allowed us to compare reflex coordination in these experiments to that estimated in our previous study.
In experiment 2, perturbations were applied along the primary and secondary axes of stiffness rather than the measurement coordinate axes used in experiment 1 (Fig. 1 ). This change was made in response to the observation that the reflexes elicited in experiment 1 appeared to be tuned not only to the orientation of limb mechanics relative to the environment but also to the orientation of the perturbations relative the environment. In experiment 2, subjects applied a restricted number of target forces: 0 N, 10 N away from the body, and 10 N to the right. The nonzero forces were oriented along the primary and secondary axes of endpoint stiffness. All other aspects of the experiment were matched to experiment 1 (Table 1, 
2nd column).
A third experiment (experiment 3) was performed to examine the influence of the strength of the destabilizing environments on reflex modulation. This was tested because the modulation observed in experiments 1 and 2 was such that reflexes were always increased during interactions with the environment orthogonal to maximal stiffness. We hypothesized that this might be due to the fact that the values of K ENV used in the first two experiments typically exceeded arm stiffness along the secondary axis but never along the primary axis. Hence we sought to examine reflex modulation in an experiment in which the magnitude of each of the two destabilizing haptic environments was different. The strength of the haptic environments was selected based on endpoint stiffness magnitude along that same direction. This was accomplished by setting K ENV for the haptic environment aligned to the direction of maximal endpoint stiffness to the maximum value at which subjects could complete the postural maintenance task. For one subject (4), the magnitude of the haptic environment, aligned to the direction of maximal endpoint stiffness, had to be decreased slightly below the magnitude of maximum arm stiffness. All other aspects of this experiment were matched to the second experiment, including the strength of the haptic environment orthogonal to the direction of maximal endpoint stiffness.
Analysis
ENDPOINT STIFFNESS. Endpoint impedance completely describes the dynamic relationship between displacements applied to the hand and the forces generated in response. Endpoint stiffness is the static component of impedance and can be obtained from these more general estimates. Endpoint impedance was calculated from the endpoint position and force data collected during the preliminary experiments using linear, nonparametric system identification to estimate the transfer functions between displacements along each measurement axis and the corresponding forces as described in detail previously (Perreault et al. 1999; Trumbower et al. 2009 ). Force data were utilized as recorded by the robot. The redundant displacements measured with the motion analysis system were used to account for the small compliance between the robot's displacement sensors and the endpoint (Trumbower et al. 2009 ).
Three measures were used to evaluate the quality of the estimated endpoint impedance. First, we evaluated the nonparametric fit for each trial using the multiple correlation coefficient, R 2 , to characterize the relationship between the predicted and measured endpoint forces. Next multiple coherence was used to determine the range of frequencies for which the linear transfer functions were appropriate (Bendat and Piersol 2000) . Finally, inertial (I), viscous (B), and elastic (K) 3. Destabilizing environments used to examine reflex modulation. Subjects interacted with destabilizing environments that were either aligned (A) or orthogonal (B) to maximum endpoint stiffness. C: during each trial, subjects had to voluntarily stabilize the arm to hold the nominal posture and apply the target force (a). After the target force and posture were held for a random amount of time (b) a ramp-hold-and-return perturbation was applied (c).
parameter matrices were fit to the nonparametric models. The quality of these fits was again quantified using R 2 . The principal axes of the ellipsoids describing the I, B, and K parameter matrices were calculated using singular value decomposition, as described by Gomi and Osu (1998) .
REFLEX SENSITIVITY WITHIN MUSCLES. EMGs were used to quantify the magnitude of the stretch reflex elicited in each muscle. The mean was removed from all EMG recordings, which were then rectified before further processing. EMGs for each muscle were normalized by the mean rectified value (0.5-s average) recorded during the MVCs performed at the start of each experiment. Endpoint displacement and EMG data were aligned to the start of each perturbation. Responses for each perturbation and experimental condition were averaged. Reflexes were quantified by the average rectified response within 50 -100 ms following perturbation onset, which is where the majority of the reflex activity was located and still prior to the onset of voluntary activity.
To compare reflex sensitivity during interactions with the different environments, it was necessary to ensure that comparisons for each subject were made at matched levels of voluntary EMG (Matthews 1986; Pruszynski et al. 2009; Smeets and Erkelens 1991) . This was accomplished using the linear interpolation technique we have described previously (Perreault et al. 2008) . In summary, reflex EMG for each muscle was modeled as a linear function of the voluntary EMG within that muscle. Reflex sensitivity, defined as the change in reflex amplitude in response to a specific perturbation, was compared only when there was overlap in the voluntary EMG recorded in both environments.
PATTERNS OF REFLEX COORDINATION ACROSS MUSCLES. An additional goal of this study was to examine if any reflex modulation that was observed within muscles was the result of coordinated changes in the groups of activated muscles between environments or if there were changes in the relative activations of similar groups of muscles between environments. To accomplish this, we used PCA/ICA, a two-stage dimensionality reduction technique shown to produce robust estimates of muscle coordination (Tresch et al. 2006 ) and which we have used previously for this purpose (Perreault et al. 2008) . Briefly, we approximated the reflex EMG across all muscles using a specific number (N) of eight-muscle coordination patterns (ICs). The reflex EMGs in all muscles could be predicted by multiplying these ICs by N time-varying activation coefficients, and summing the results. The dimensionality of this reduced system, N, was chosen to be the least number of ICs that accounted for Ͼ90% of the data variance. The weighting of the components within each IC represented the relative activation of each muscle. Confidence intervals for the relative activation of each muscle were determined by applying a bootstrap analysis with 100 repetitions (Press et al. 1986) . Similarity between sets of N ICs was estimated using the multiple correlation coefficient, R 2 , to quantify the amount of variance in one dataset that could be accounted for by the ICs estimated from another.
R E S U L T S
Estimates of endpoint stiffness
As reported previously, linear, nonparametric transfer functions were appropriate for characterizing the 3D impedance of the human arm. Across all subjects and bias forces, the average R 2 value was 92.0 Ϯ 0.4% (mean Ϯ SE). These nonparametric transfer functions were characterized well by second-order models. These parametric descriptions had an average R 2 of 78.9 Ϯ 1.5% over the frequency range from 0 to 10 Hz, above which limb inertia dominates the endpoint forces measured in response to imposed displacements (Perreault et al. 2004 ).
Estimates of the orientation of maximal endpoint stiffness for each subject were repeatable across the tested force levels. This was determined by comparing the orientation of the primary axis of endpoint stiffness (in 3D space) across the six tested force levels for each subject. On average, the orientation of maximal endpoint stiffness differed in magnitude by only 6.5 Ϯ 1.0°. The orientation of the secondary principal axis of stiffness varied more with an average magnitude difference of 25.5 Ϯ 3.0°. The goal of these initial experiments was to identify the direction of maximal endpoint stiffness. Because this varied little across the tested voluntary forces, we selected to average the stiffness estimated across all force levels to provide an average estimate of endpoint stiffness orientation that could be used throughout the rest of the experiment. All references to endpoint stiffness orientation in the remainder of the manuscript refer to this average.
Across subjects, the direction of maximal endpoint stiffness was oriented along a 3D line extending approximately from the hand to the center of the humerus. This can be seen in Fig. 4C , which displays the average endpoint stiffness ellipsoid for a single subject. The average inertia and viscosity ellipsoids for the same subject are also presented (Fig. 4, A and B) . For this subject, the orientation of maximal endpoint viscosity was co-aligned with that of maximal stiffness, whereas the orientation of maximal inertia was more closely aligned to the axis of the forearm. These orientations were largely consistent across subjects, as indicated by the lines in each part of Fig. 4 . Because the destabilizing environments were aligned to the primary and secondary axes of endpoint stiffness, subjects interacted with similarly oriented environments.
Reflex modulation within muscles
Stretch reflexes were elicited throughout the tested muscles as subjects interacted with each environment. Typical reflex modulation is shown in Fig. 5 . The elicited reflexes were modulated according to the orientation of the environment with A B C FIG. 4. Consistency of estimated endpoint impedance. Average endpoint inertia (A), viscosity (B), and stiffness (C) ellipsoids for a single subject. Each ellipsoid has been normalized to its maximal eigenvalue, thereby providing an indication of orientation but not magnitude. -, the orientations of the primary axes estimated for each subject. These provide an indication of the variability in the orientation of each component of endpoint impedance across all subjects. which subjects interacted. Identical perturbations elicited reflexes that were larger during interactions with the environment orthogonal to maximal endpoint stiffness (thick lines), relative to those elicited during interactions with the environment aligned to maximal stiffness (thin lines). For this subject, reflexes elicited by ϮY perturbations were increased in seven of the eight tested muscles, excluding AD. The response to ϮX perturbations was increased in TRI LO and PECT CLAV . The response to ϮZ perturbations was increased in TRI LO and TRI LAT . For all subjects, increased reflexes were observed for most muscles in the response to ϮY perturbations but for fewer muscles in the response to ϮX and ϮZ perturbations.
The observed reflex modulation was due to changes in reflex sensitivity not differences in voluntary muscle activity prior to the perturbation. This was determined by comparing the reflexes elicited during interactions with each environment at matched levels of background muscle activity. We computed the difference between the reflex EMGs (at matched voluntary EMG) recorded during interactions with the environment orthogonal to maximal stiffness and those recorded during interactions with the environment aligned to maximal stiffness. Statistical significance across environments was assessed using a paired t-test. Group results are shown in Fig. 6 . Significant modulation was observed for all muscles except AD. Most of the observed significant reflex modulation corresponded to increased reflex excitation during interactions with the orthogonal environment. Significantly increased inhibition (reduced EMG activity relative to baseline) during interactions with the orthogonal environment was noted during shortening of the PEC CLAV (ϪY perturbations). Only two muscles showed increased inhibition during interactions with the aligned environment. These were the TRI LO and PD, in response to -X and ϩX perturbations, respectively.
The observed modulation was perturbation specific. The number of muscles exhibiting increased excitation during responses to ϮY perturbations was greater than for ϮX and ϮZ perturbations. For the group, increased sensitivity to ϮY perturbations was observed in six of eight tested muscles, but for only three muscles for ϮX perturbations and two muscles for ϮZ perturbations. Finally, the strongest increase in reflex sensitivity relative to FIG. 5. Typical average stretch reflexes obtained during interactions with the destabilizing environments used in experiment 1. Responses were obtained from a subject who was applying 10 N laterally, along the secondary axis of endpoint stiffness. Top: the applied perturbations; perturbations applied during interactions with both environments are overlaid but are indistinguishable. The characters at the top of the figure indicate the direction of the applied perturbations; the colors of the arrows are matched to the perturbation traces and the reflex electromyograms (EMGs) below. Thin and thick traces correspond to data recorded during interactions with the environment aligned and orthogonal to endpoint stiffness, respectively. Identical perturbations elicited responses of different magnitude, depending on the environment with which the subject interacted.
background muscle activity was observed in the responses to ϮY perturbations. This was quantified by dividing the difference in reflex EMG between environments (as seen in Fig. 6 ) by the background EMG at which the reflexes were compared. Across all muscles exhibiting significant excitatory responses, reflex sensitivity increased by 102.6 Ϯ 25.4% for ϮY perturbations but only by 33.5 Ϯ 8.6% for ϮZ perturbations and 16.7 Ϯ 13.6% for ϮX perturbations.
Patterns of reflex coordination
Four reflex coordination patterns were sufficient to describe Ͼ90% of the reflex data across all subjects and experimental conditions. The average R 2 using four ICs for each subject was 93 Ϯ 1%, similar to that reported previously for multijoint reflexes (Perreault et al. 2008) . Hence four ICs were used for the remainder of the analysis.
The patterns of reflex coordination estimated during interactions with both environments were similar. This can be seen in Fig. 7, A and B , which display the four ICs estimated during interactions with each environment; data are pooled across subjects. The ICs are named according to the actions of the dominant muscles in each. These correspond to "elbow ϩ shoulder extension," "elbow ϩ shoulder flexion," "elbow extension," and "elbow flexion." To quantify similarity between the ICs estimated for each environment, we determined if the ICs estimated from one environment described a similar amount of variance in the data from that environment and the other environment. We randomly selected 50% of the data from each environment to estimate two sets of ICs; each was used to predict the remaining data from that environment (self-prediction) and the other (cross-prediction). This was repeated 100 times to produce an average R 2 for the self-and cross-predictions for each subject. Across subjects, the average R 2 for self-predictions was 0.91 Ϯ 0.01 and 0.88 Ϯ 0.01 for cross-predictions. Although these values were statistically different (paired t-test, t ϭ 6.02, P Ͻ 0.001), the differences were small especially when compared with the observed differences in reflex magnitude reported in the preceding text. These results suggest that the environment-dependent changes in reflex magnitude were driven largely by changes in the activation of a common set of reflex patterns rather than by coordinated changes in the pattern of reflex activity.
The activation coefficients for the estimated ICs differed according to the environment with which subjects interacted. This was determined by pooling the reflex data across subjects and environments; we estimated a single set of ICs (Fig. 7C) , then compared the activations of these ICs for each subject across environments using paired t-test (Table 2) . Increased activations were observed during interactions with the environment orthogonal to maximal stiffness, relative to the environment aligned to maximal stiffness. Perturbations that elicited stretch responses in muscles that were the primary contributors to each IC resulted in increased activation coefficients for that IC. Moreover, the extent to which the activation coefficients were modulated was highly perturbation specific. For example, the activations of all ICs in response to perturbations applied in the ϮY direction were increased during interactions with the environment orthogonal to maximum stiffness. Specifically, the activation coefficients for the elbow ϩ shoulder extension and elbow extension ICs were increased in response to -Y perturbations, whereas the activations of elbow ϩ shoulder flexion and elbow flexion ICs were increased in the response to ϩY perturbations. Three of these four ICs showed reciprocal changes in activation, exhibiting enhanced inhibition during perturbations that shortened the primary muscles in each IC. Less modulation was observed for perturbations in the ϮX and ϮZ directions. The elbow ϩ shoulder flexion IC exhibited enhanced excitation and inhibition in response to perturbations along the z axis, while the elbow flexion and elbow extension ICs had increased activations in response to -X and ϩX perturbations, respectively. Note that all comparisons were performed on activation coefficients that were estimated without controlling for background EMG throughout the arm. Because of the difficulty associated with simultaneously controlling background activity across multiple muscles, the remaining data were analyzed only on an individual muscle basis.
Reflex responses to perturbations aligned with the environmental instabilities
Perturbations in the ϮY direction were roughly aligned to the destabilizing environment oriented orthogonal to maximal endpoint stiffness; thus the direction dependent modulation noted above suggests that the elicited reflexes may have been tuned specifically to perturbations oriented along the direction of the environmental instability. To examine this possibility, we performed a study in which perturbations were applied along the primary and secondary axes of endpoint stiffness (axes shown in Fig. 4C ). Medial perturbations along the secondary axis of stiffness elicited excitatory responses in TRI LO , TRI LAT , MD, and PD, whereas lateral perturbations elicited responses in BRD, BI, AD, and PECT CLAV . Along the primary axis, perturbations in the posterior direction elicited excitatory responses in TRI LO , TRI LAT , AD, MD, PECT CLAV , and, in some cases, BI, whereas anterior perturbations elicited responses in BRD, MD, PD, and, in some cases, BI.
Stretch reflexes elicited by perturbations orthogonal to the direction of maximal endpoint stiffness were larger when subjects were interacting with a destabilizing haptic environment that also was aligned in this same direction. In contrast, the reflex responses to perturbations oriented along the direction of maximal endpoint stiffness were not significantly affected by the orientation of the haptic environment. Sample responses for typical muscles, PD and PECT CLAV , from a single subject are shown in Fig. 8A . Only responses to perturbations that stretched these muscles are shown. The corresponding group results for these two muscles are shown in Fig.  8B . For the group response, paired t-tests were used to assess the influence of the haptic environment on the stretch reflexes elicited by each perturbation direction. For these muscles, the orientation of the haptic environment modulated reflex sensitivity only for perturbations oriented orthogonal to the direction of maximal endpoint stiffness as shown in the first and third columns of Fig. 8B (t PECT ϭ 8.55, p PECT ϭ 0.003; t PD ϭ 5.83, p PD Ͻ 0.001). In contrast, the orientation of the haptic environment with which the subject interacted did not have a statistically significant effect on the reflexes elicited by perturbations directed along the direction of maximal arm stiffness (t PECT ϭ 0.85, p PECT ϭ 0.434; t PD ϭ 1.95, p PD ϭ 0.092).
Across all muscles, the responses elicited by perturbations oriented orthogonal to the direction of maximal endpoint stiffness were the most consistently and most strongly modulated by the haptic environments. This modulation was observed in seven of the eight muscles tested (Table 3) . One muscle, MD, also exhibited significantly increased responses to perturbations that were aligned to the direction of maximal endpoint stiffness, although this modulation was small (10.2 Ϯ 1.1%) relative to that observed in response to perturbations orthogonal to the direction of maximal endpoint stiffness (128.8 Ϯ 31.0%). Increased inhibition during interactions with the haptic environment aligned to endpoint stiffness also was noted in three muscles, TRI LO , TRI LAT , and AD (Ϫ31.6 Ϯ 19.2%).
Influence of destabilizing force field magnitude on elicited stretch reflexes
The preceding results demonstrate that perturbations oriented orthogonally to the direction of maximal endpoint stiff-A B C FIG. 7. Reflex coordination patterns (ICs). ICs were estimated from data pooled across subjects. A: ICs estimated during interactions with the environment orthogonal to the orientation of maximal endpoint stiffness. B: ICs estimated during interactions with the environment aligned to the orientation of maximal endpoint stiffness. C: ICs estimated from data pooled across environments. Each IC was named according to the actions of the most prominent muscles. Data were collected using the protocols of experiment 1. Muscles in each coordination pattern are indicated at the bottom of the figure. The magnitude of the vector described by each 8-muscle pattern was normalized to unity. Numbers to the right of each pattern indicate percentages of the relative variance described by that pattern. Only data remaining after the initial PCA reduction are considered in the relative variance calculation. Error bars indicate SE. *, components that are significant at a level of P Ͻ 0.05. ness elicit larger excitatory responses when subjects interact with destabilizing environments oriented along this same direction. Similar modulation was not observed during interactions with destabilizing environments aligned to maximal stiffness. In the first two experiments, the magnitude of the haptic environments was greater than the maximal magnitude of the secondary axis of endpoint stiffness (for 9 of 10 subjects) but less than the maximal magnitude of the primary axis of endpoint stiffness. To determine if a similar degree of modulation could be observed along the direction aligned to maximal stiffness, we performed a third experiment in which the strength of the environment aligned to maximal stiffness was greatly increased. The purpose was to determine if there would also be preferential increases in size of the reflexes elicited by perturbations applied in this direction.
Increasing the magnitude of the destabilizing environment oriented along the direction of maximal stiffness caused an increase in the size of the reflexes elicited by perturbations along the same direction. The magnitude of the reflex elicited in the PECT CLAV at matched levels of background EMG was increased when this perturbation was applied along the direction of the higher-strength environment aligned to maximal stiffness, relative to when an identical perturbation was applied and the subject was interacting with the environment orthogonal to maximal stiffness ( Fig. 9A, right; paired t-test, t ϭ 5.11, P ϭ 0.001). Similar results were observed for the PD, an antagonist to PECT CLAV ( Fig. 9B, right; paired t-test, t ϭ 3.04, P ϭ 0.023). Furthermore, perturbations oriented orthogonally to the direction of maximal stiffness still elicited larger responses while subjects interacted with destabilizing environments oriented along this same orthogonal direction. Again, these results were observed for the PECT CLAV ( Fig. 9A, left; paired t-test, t ϭ 3.83, P ϭ 0.006) and the PD (Fig. 9B, left ; paired t-test; t ϭ 2.58, P ϭ 0.036).
This preferential tuning of reflex sensitivity occurred throughout the tested arm muscles. Across the group of subjects, environment-specific modulation was observed in six of eight tested muscles (Table 3) . In these muscles, perturbations oriented along the direction of maximal arm stiffness always elicited larger reflex responses when subjects were interacting with an unstable environment oriented along this same direction. Similarly, perturbations oriented orthogonal to the direction of maximal arm stiffness always resulted in larger reflex responses when subjects interacted with an unstable environment that also was oriented orthogonal to the direction of maximal arm stiffness. Again, these comparisons were made only at matched levels of background muscle activity.
D I S C U S S I O N
This study examined whether stretch-sensitive reflexes elicited by multijoint perturbations are modulated according to the orientation of destabilizing haptic environments with which a subject interacts. The environments were either aligned or orthogonal to the direction of maximal endpoint stiffness of the arm. Our results demonstrated that stretch reflexes were tuned to the orientation and strength of the environments relative to the mechanical properties of the arm. There was a preferential A B FIG. 8. Modulation of reflexes elicited by perturbations applied along the primary and secondary axes of endpoint stiffness during interactions with equal strength environments (experiment 2). A: average stretch recorded from clavicular head of pectoralis major (PECT CLAV ) and posterior deltoid (PD) in a single subject during interactions with each destabilizing environment. Perturbations were applied in the directions indicated by the black arrows at the top of each column. Gray traces are the reflexes elicited during interactions with the environment aligned to the direction of maximal endpoint stiffness and black traces correspond to reflexes elicited during interactions with the orthogonal environment. B: average reflex EMGs, at matched levels of background muscle activity, for the group. Perturbation directions are as indicated in A. Colors correspond to the environment with which subjects interacted, as indicated by the characters at the bottom of the figure. Error bars SE. Asterisks, P Ͻ 0.05. increase in reflex sensitivity to perturbations applied along the direction of the destabilizing environments but only when the magnitude of the haptic instability exceeded the endpoint stiffness of the arm along the same direction. This is consistent with task-specific reflex modulation that could increase limb impedance in a task-appropriate direction.
Preferential modulation of reflex sensitivity
The multijoint reflex modulation presented here is consistent with previous single-joint studies that suggested reflex gain is increased to enhance limb stability when that stability is not provided by the environment. This has been demonstrated for muscles spanning the thumb (Akazawa et al. 1983) , index finger (Doemges and Rack 1992a) , wrist (Doemges and Rack 1992b) , and elbow (Dietz et al. 1994 ). The present results are also consistent with our recent study that demonstrated increased reflex sensitivity throughout the arm during interactions with isotropically compliant environments (Perreault et al. 2008) . In each of these previous studies, only a general increase in reflex excitability was observed. The novel contribution of the present study is the demonstration that this modulation can be tuned to compensate for direction-specific properties of the mechanical environment with which a subject is interacting. This was accomplished using haptic instabilities, characterized by a negative stiffness spring. When the magnitude of this haptic instability exceeded the arm stiffness along the direction of the instability, stretch reflexes elicited by perturbations along the direction of the haptic instability were preferentially increased. These results suggest that stretch reflex pathways are tuned not only to the mechanical properties of the environments with which we interact but also to the directional characteristics of these environments and how those characteristics are oriented relative to the mechanical properties of the arm.
The observed reflex modulation may have resulted from a number of physiological mechanisms. The cortex may contribute to the observed behavior through modulation of long-loop pathways or by descending cortical control of spinal circuitry (Capaday et al. 1991; Evarts and Fromm 1978; Prochazka 1989) . Evidence for modulation of long-loop reflexes is supported by recent work demonstrating that changes in reflex sensitivity linked to interactions with external forces can be altered by magnetic stimulation of motor cortex (Kimura et al. 2006) . We recently (Shemmell et al. 2009 ) used similar techniques to demonstrate that the motor cortex also is involved in regulating changes in stretch reflex sensitivity that occur during interactions with different mechanical environments, such as those used in this work, but that it alone cannot account for the modulation reported in other tasks, such as those that require the subject to react to the perturbation (Lewis et al. 2006 Number in parentheses indicates P value. BRD, brachioradalis; BI, biceps brachii; TRI LO , long head of triceps brachii; TRI LAT , lateral head of tricep brachii; AD, MD, and PD, anterior, medial, and posterior deltoid, respectively; PECT CLAV , clavicular head of pectoralis major. MacKinnon et al. 2000) . Supraspinal contributions from the cerebellum also are possible because this structure has been linked to the manipulation of objects with unstable dynamics (Milner et al. 2006 ) and may modulate the gain of feedback neuromotor pathways (MacKay and Murphy 1979; Strick 1983) . Increased heteronymous reflexes mediated by spinal or supraspinal pathways also may have contributed to the observed modulation. Heteronymous pathways have been demonstrated to have increased excitability during interactions with compliant loads (Maluf et al. 2007 ). Their contributions also may have been enhanced by changes in background muscle activity during interactions with each environment. While comparisons of the reflexes elicited in each muscle only were made at matched levels of background activity within that muscle, it was not possible to control for the background activity of all muscles within the limb, and selective cocontraction is known to be an effective strategy for stabilizing the arm during interactions with unstable loads Osu et al. 2003) .
Patterns of reflex coordination
The reflex coordination patterns estimated during interactions with both destabilizing environments were similar. This suggests that these patterns were primarily linked to the direction of the imposed perturbations that were consistent and independent of the environment with which a subject interacted. This is in agreement with our previous study examining reflex modulation during interactions with isotropically rigid and compliant environments (Perreault et al. 2008) . In contrast to our previous results, we found that the destabilizing environments used in this study significantly altered the strength with which these reflex coordination patterns were activated. This is consistent with studies reporting task-appropriate changes in the activations of fixed muscle patterns for the human (d'Avella et al. 2006) , non-human primate (Overduin et al. 2008 ), cat (Torres-Oviedo et al. 2006 , and frog (Cheung et al. 2005) .
Functional implications
To guarantee arm stability during interactions with the robot, it was necessary for the net stiffness of the coupled robot and arm system to be positive (Colgate and Hogan 1988) . This required our subjects to increase limb stiffness in the direction of the simulated instability. We found that reflex responses also were greatest in response to perturbations directed along this instability. Such a preferential tuning of the involuntary response to postural perturbations may represent an important mechanism that the neuromotor system may use to adapt endpoint stiffness to the functional constraints of a task.
In summary, this study demonstrates that multijoint reflex responses throughout the arm adapt to the directional characteristics of the environments with which we interact, the relative instability of these environments, and the relationship between the mechanical properties of these environments and those of the arm. The results suggest that stretch reflex pathways may contribute to the task-appropriate directional tuning of arm mechanics. These findings extend our previous studies of multijoint reflex adaptation by demonstrating the flexibility by which stretch reflexes can be tuned to more specialized tasks.
